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(57) Abstract: A system that is usable with a 
subterranean well includes a pressure sensor 
and a unit. The pressure sensor is adapted 
to obtain pressure measurements along at 
least a portion of the well while the well is in 
production without requiring an intervention 
in the weU. The unit is coupled to the pressure 
sensor and is adapted to provide a model 
and estimate an inflow profiie of the well in 
response to the pressure measurements. In 
some embodiments of the invention, the well 
may be a horizontal well. Furthermore, the 
unit may be adapted, in some embodiments 
of the invention, to further base the estimation 
of the inflow profile on temperature 
measurements taken inside the well. 
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DETERMINING AN INFLOW PROFILE OF A WELL 
BACKGROUND OF THE INVENTION 

Field of the Invention 

The invention generally relates to det^mining an inflow profile of a well without 
performing an intervention in the weU. 

Description of Related Art 

It is often desirable to obtain the inflow profile of a well, such as a horizontal well. The 
inflow profile may indicate not only the location of the liquids and gases flowing into the well 
but also the content of the inflow. The information gained fix»m the inflow profile permits the 
proliferation of horizontal wells to follow the continued advances in drilling technology. 

For mature fields, the determination of the inflow profile is also desirable for purposes of 
closely observing and maintaining these fields due to the inability of lift and surface facilities to 
cope with excessive volumes of sweeping fluids. Wells in new and emerging fields may also 
require close observation and maintenance, due in part to the relative significance of each well in 
fulfillment of field production quotas and the xmdesirability of intervention. 

Determining the inflow profile of a well typically requires a "production logging" 
operation. This operation is an intrusive technique for horizontal wells and usually requires 
running a tool string on coiled tubing to access the horizontal section of die weU. The use of 
production logging may be undesirable because the logging only provides a snapshot in time. 
Furthermore, production logging may be only applicable to a subset of the horizontal well 
population. For example, pumping wells typically cannot be logged unless they have a bypass 
mechanism, long horizontal wells typically caimot be logged because of coiled tubing access 
limitations, and subsea wells typically cannot be logged in a cost-effective manner because these 
wells require intervention vessels. 
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Thus, diere is a contiauing need for a means to determine the inflow profile of a well 
widiout intervention. 

BRIEF SUMMARY OF THE INVENTION 
In an embodiment of the invention, a technique that is usable with a subterranean well 
includes obtaining pressure measurements during the flowing of the well without intervening in 
the well. The technique includes using a model to determine from the pressure measurements an 
inflow profile of the well. In some embodiments of the invration, flie well may be a horizontal 
well, and in some embodiments of the invention, temperature measurements may also be used to 
determine the inflow profile. 

Advantages and o^er features of the invention will become apparent fix>m the following 
description, drawings, and claims. 

BRIEF DESCRIPTION OF THE DRAWINGS 
Fig. 1 is a schematic diagram of a horizontal well according to an embodiment of the 
invention. 

Fig. 2 is a flowchart depicting a technique to generate an inflow profile for the well of 
Fig. 1 according to an embodiment of the invention. 

Fig. 3 is a perspective view depicting a reservoir permeability distribution. 

Fig. 4 is a gra^h dq)icting well production profiles and a water-cut profile. 

Fig. 5 is graph depicting fluid influx profiles at different water-cuts for selective 
perforations. 

Fig. 6 is a gnq)h dq>icting oil and water influx profiles along the wellbore. 

Fig. 7 is a gjcaph dq>icting a saturation cross section. 

Fig. 8 is a graph depicting water cut behavior of tbe weU. 

Fig. 9 is a gr^h depicting pressure profiles of the well at difiTerent water-cuts. 
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Fig. 10 is a gr^h depicting pressure gradient profiles where sensitivity to water-cut is 
weak for selective perforations. 

Fig. 1 1 is a gr^h dq)icting pressure gradients along the wellbore at different water-cuts 
for liner conopletion. 

Fig. 12 is a graph depicting fluid influx profiles for different water-cuts. 

Fig. 13 is a graph depicting pressure profiles ttiat are affected by the trajectoiy of the 

well. 

Fig. 14 is a graph depicting different pressure profiles for different free gas rates. 

Fig. 1 5 is a graph depicting free gas influx profiles that correspond to the pressure 
profiles dq)icted in Fig. 14. 

Fig. 16 is graph depicting true influx and inverted influx estimates from a pressure profile 
when wellbore hydraulic parameters are known. 

Fig. 17 is a graph depicting true influx and inverted influx estimates from a pressure 
profile when liner roughness is underestimated by a factor of two. 

Fig. 1 8 is a graph depicting true influx and inverted influx estimates ifrom a pressure 
profile for uniform drift in pressure measurements. 

Fig. 1 9 is a graph depicting the result of inversion with a random pressure drift. 

Fig, 20 is a graph depicting true and inverted total fluid influxes for a two-phase flow. 

Fig. 2 1 is a graph depicting simulated and inverted influxes per fluid phase. 

Fig. 22 is a graph depicting the reduction of bottom hole temperature at differmt times. 

Fig. 23 is a graph depicting temperature profiles along the wellbore for low volatile oil. 

Fig. 24 is a gn^h depicting temperature profiles along the wellbore for high volatile oil. 

Fig. 25 is a block diagram of a computer according to an embodiment of flie invention. 

DETAILED DESCRIPTION OF THE INVENTION 
In accordance with embodiments of the invention, a technique to derive an inflow profile 
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of a well (a horizontal well, for example) is performed without requiring physical mtervention in 
the well. Instead of such intervention, the technique includes inRtalling sensors ("permanent" 
sensors) in the well during the completion process, interrogating the sensors und^ controlled 
conditions during the production phase of the well, and applying certain mathematical techniques 
(multi-physics inversion and dual-continuum media, otherwise called "inversion,") to 
measurements that are acquired from the sensors. The sensors may include a multipoint pressure 
sensor and may also include a distributed temperature sensor array. These sensors may be 
installed in a horizontal section of iho well. Additionally, in some embodiments of the invention, 
the technique may include placing a multiphase flow meter downstream of the horizontal section, 
such as above a production packer, for example. 

Referring to Fig. 1, an embodiment of a horizontal well in accordance with the invention 
includes a main vertical wellbore 10 and a horizontal wellbore 1 1 that traverses a hydrocarbon 
formation 14. As depicted in Fig. 1, a production tubing 12 extends through the vertical 
wellbore 10 and horizontal wellbore 11. Although the production tubing 12 is depicted in Fig. 1 
as extending to the end of the well, in some embodiments of the invention, the production tubing 
12 may not extend to the end of the well. For example, in some embodiments of the invention, 
the production tubing 12 may be deployed along a stinger. 

In some embodiments of the invention, a sensor 16 is mounted on the outside of the 
production tubing 12 and thus, may be run into the well with the production tubing 12. In some 
embodiments of the invention, the production tubing 12 may include a multq>hase flow meter 13 
that is downstream of the horizontal wellbore 1 1 . For example, in some embodiments of the 
invention, the production tubing 12 may include a packer 15, and the flow meter 13 may be 
located above the packer IS, as depicted in Fig. 1. 

The well dmt is depicted in Fig. 1 is one of many possible horizontal wells that may be 
used in accordance with the techniques described hereiiL These horizontal wells include wells 
that traverse homogeneous or heterogeneous formations, those that are subject to bottom-water 
drive and those with sand completions, such as in liner or screen completions. In some 
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embodiments of the invention, the formation may be unconsolidated* 

The sensor 16, in some embodiments of the invention^ may be deployed within the tubing 
12 or may be mounted to the outside of a well casing (not depicted in Fig.l) that lines die vertical 
10 and horizontal 1 1 wellbores. The sensor 16, in some embodiments of the invention, may be 
deployed along a stinger, along the liner, or may be mounted to the outside of a sand screen. In 
some embodiments of the invention, the sensor 16 may be a pressure sensor that measures 
pressure at multiple points along the length of the wellbores 1 0 and 1 1 . As a more specific 
example, in some embodiments of the invention, the sensor 16 is a multi-point sensor that 
provides single point measurements that are made at different locations. In another embodiment 
of the invention, the sensor 16 may be a distributed sensor such that pressure is measured along 
the length of the sensor. The s^isor may be electrical, mechamcal or optical, depending upon 
the particular embodiment of the invention. In some embodiments of the invention, the sensor 
16 may be "permanent" in that the sensor 16 is installed with the completion and provides sensed 
values during production without requiring intervention into the well. 

In some embodiments of the invention, the measurem^ts that, are made by the sensor 16 
may be transmitted to the surface via a cable 17. It is noted that the sensor 16 may also include 
the cable 17. For example, in some embodiments of the invention, the sensor 16 may be an 
optical fiber that takes pressure measurements, as well as conununicates these measurements to 
the surface. As depicted in Fig. 1, in some embodiments of the invention, the measurements 
from the sensor 16 may be received by a unit 18 that is located at tiie surface of the well. 

In some embodiments of the invention, other sensors may be run into the well. For 
example, in some embodiments of the invention, a temperature sensor may be run into the well. 
In some embodiments of the invention, this tenq)aature sensor may be integrated with the sensor 
16, and in other embodiments of the invention, this temperature sensor may be separate fiom the 
sensor 16. 

In accordance wi& some embodiments of the invention, a technique may be used to 
estunate the inflow profile of a well. More specifically, referring to Fig. 2, the technique 30 
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includes generating (block 32) a mathematical model that relates the pressure and flow rates of 
the well to an inflow profile. As described in more detail below, ttie mathematical model may be 
based on information relating to the well and the formation 14, such as by wireline logging or 
logging while drilling, or far-field information obtained by field models and seismic studies. 
Flow, thermal, and compositional effects are taken into account in the model. The model 
includes a dependency on the inflow profile. 

Next, pursuant to the technique 30, the well is produced (block 34) so that hydrocarbons 
flow from the formation 14 through the well. During this flow, pressure and temperature 
measurements are taken (block 36); and these measurements, in turn, are used (block 38) to 
derive the inflow profile, as further described below. 

In some embodiments of the invention, to begin the generation of the inflow profile, an 
initial estimate of the inflow profile may be input into the model. In essence, the model that is 
generated in block 32 is inverted for the inflow profile. Becaiise multiple pressure measurements 
are made in the well, corresponding inflow profile estimates at corresponding locations may be 
derived fit)m tiie inverted solutions. More specifically, for purposes of diagnosis, the forwaid 
measurements using the model are inverted, accounting only for the wellbore and employing a 
flow model that is conmiensurate with well geometiy and observed production behavior. The 
model is inverted on hydrodynamic (i.e., rate and pressure) measurements. These rate and 
pressure measurements may be derived using the sensor 16 and the flow meter 13, for example. 

In some embodiments of the invention, the sensors may be interrogated during the normal 
process of production under non-transient or steady-state or a sequence of steady-state (multi- 
rate) conditions. To obtain a high-resolution flux profile, the sensors may also be interrogated ' 
during a short-duration fluid injection test (with injection, shut-in, and post-shut-in) before 
commissioning of production or any time during the production phase. 

Utilization of the pressure measurements allows a user of the model to determine the 
location of the inflow, but not the content of the inflow. The content of the inflow is determined 
by usmg the temperature measurements. More specifically, by use of the tenqjeraturo 
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measurements in the inversion solution, the user may also determine the contmt of the inflow, 
Le., whether die iaflow is liquid or gas. The Joule-Thomson efifect causes gas to cool upon 
passage &om the formation 14 into the well This cooling effect, which does not occur if the 
fluid is liquid, is sensed by the t^o^erature sensor. Therefore, the presence of liquid may be 
detected if there is no cooling, and the presence of gas may be detected if there is cooling. 
Furthermore, in some embodiments of the invention, oil and water liquid streams may be 
discriminated fix)m each oflier, in some circumstances. 

It has been determined that the pressure measurements are directly indicative of intervals 
of total fluid entry. The difierentiation of oil and water is feasible provided that adequate density 
and viscosity contract exist between the phases. In some embodiments of the invention, the 
inversion of the pressure profile for a determination of oil and water inflow profiles shows 
acceptable results provided the inversion is constrained to the total well rate and average water- 
cut, as may be obtained from a downhole flow meter, for example. 

The arrival of gas may have a significant effect on the pressure profile. In some 
embodiments of the invention, the inveraion of the three-phase flow problem requires additional 
measurements, such as distributed temperature sensing. With this additional information, it has 
been observed that the liquid inflow profile over time is highly stable, as it is conditioned by the 
drive mechanism and permeability heterogeneity (i.e., the water-cut cannot be abated in 
horizontal wells by rate cut-back). Gas influx, however, is rate-sensitive and dius tends to break 
through toward the heel of the well with increasing rate, unless it is diverted by significant 
peraieability heterogeneities. 

In some embodiments of the invention, the advantages of the techniques that are 
described herein may include one or more of the following. The techniques aie non-invasive and 
therefore are applicable to horizontal wells that have tfaus&r been mqiossible to log or di£Eiciilt to 
log, such as punning wells, siibsea wells, and extended-reach weUs. The sensors, being 
permanendy mounted sensors, may be interrogated at any stage m the life of the well. More 
specifically, the sensors may be interrogated after conunissioning of production, to establish a 
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baseline for subsequent diagnosis and to assess the efifectiveness of the well construction process 
(i.e., assess the drilling, steering, completion, cleanup, and commissioning of the well). 
Furthermore, die sensors may be interrogated before and after any remedial or workover 
operation to assess the impact of the treatment on well performance. Additionally, the 
techniques that are described herein reveal the reservoir-scale distribution of rock types (at a 
kilometer scale, for example) in the reservoir horizon, thereby providing important information 
concerning the placement and positioning of subsequent wells. 

Other and different advantages are possible in the various embodiments of the invention 
described herein. 

The following is a more specific example of the determination of an inflow profile. It is 
assumed for purposes of this example that the well is a horizontal well in a heterogeneous 
reservoir. Below are discussed the effects of the reservoir environment, the well geometry, the 
fluid properties, and the production parameters on the wellbore pressure response. Also 
described below are how for single-phase and two-phase flow problems the inversion of the 
pressure measurements, constrained to the total well rate (and average water-cut for oil-water 
flow), yields the inflow profile along the well length Lastly, described below is the impact of 
the basic uncertainties of the flow problem and measuremmts on the quality of the inversion 

In some embodiments of the invention, the algorithm to invert the pressure profile to 
infer the fluid influx profile aims to minimize an objective functioiL The objective function is 
calculated as the sum of the squares of the mismatch between observed and calculated pressures. 

The pressure profile is calculated with a multiphase fluid flow model for a pipe that is 
segmented. The pressure drop between two pomts along &e wellbore is described by the 
following equation: 

4p = 4Pp+Ap„+Apy., Equation 1 

wherein the subscripts "a", and represent the potential head, acceleration, and friction 
pressure drop, respectively. Dividing the total length of the wellbore into N segments, the 
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pressure at each node and its diffraence with measured pressure are described by the following 
relationship: 

/ = T,{Pt "Pd) > Equation 2 

A Taylor series expansion of the function / about point Cy incorporating second order terms, 
produces the following relationship: 

/ » g • q +^(q • H • q). Equation 3 

At 

wherein "g" is the gradient of fimction/ "q" is the vector of the influx rate along the wellbore 
and "H" is the Hessian matrix of f. 

A minimum of the function / may be found at the point where: 
V/ = 0. Equation4 

The Levenbeig-Marquardt fommlation of the inversion of the pressure profile is set forth 

below: 

Aq = -(H+/il)"V/. Equations 

The elements of tiie gradient matrix are calculated according to the following equation: 

T^^-'lKPi-Pci)^' Equation6 
oqj f-i oqj 

The elements of the Hessian matrix are calculated according to the following equation: 
_^ = f^^. Equation? 
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Equation S is used to update the initial guess of inflow profQe until a detearmination 
criterion is met. At that point, die inflow profile has been detennined. 

Fig. 3 depicts a schematic 46 of a reservoir model used in the following example. The 
reservoir 46 is a hetoogeneous water-drive reservoir that is drained by a 2100 foot horizontal 
well that is placed in the center. The wellbore is divided into twenty one equally-spaced 
segments of 100 feet to utilize die multisegment well fiicility of the simulator. A drift-flux flow 
model is used for relating the flow and pressure drop in each segment For the base case the well 
is selectively completed and open to flow across three intervals with a constant total liquid rate 
of 10,000 STB/D. The following table summarizes the basic parameters of the model: 



RESERVOIR-WELLBORE PARAMETERS 


Model dimensions, feet X feet X feet 


4000x3000x400 


Grids (unifoim) 


40 X 30 X 20 


Aquifer type 


Carter-Tyacy 


Average Permeability IC (isotropic), md 


265 


Average Porosity ^ 


0.15 


Water Satuntioii Sm 


02 


Etelative Pennealriltiy - Oil K. (S^^), md 


0.8 


Relative PenneahOily - Water KmCS^pI), 
md 


1.0 


Relative Permeability - Gas K,, (S^), md 


0.8 


Relative Permeability - liquid Kra«. 
(Sr-^,md 


0.9 


Density- Oil pb (base case), °API 


35 


Viscosity - Oil p«h (base case), cp 


I 


Poimation Volmne Factor - Oil (base 
case),RB/STB 


1.2 


Solution Oas-Oil Ratio Rdi (base case), 
scfiCTB 


1000 


Pressure Pb (base case), psi 


2700 


Pressure - Initiai Pi (at OWC), psi 


4000 


Well placement (heel to toe) 


(7.15,10) to (27, 15, 10) 


WeU standoff (to OWC), feet 


100 
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Well length, feet 


2100 


Well Inner Diameter, feet 


03 


Wen rouglmess, feet 


0.001 


Well fate (base case). STB/D 


10,000 



Table 1 



Fig. 4 depicts a production profile of the well. The simulation run is tenninated when the 
water-cut (WCT) reaches approximately 80 percent Fig. 4 depicts a graph 52 that show a 
constant fluid rate of 10,000 STB/D from the well, a graph 50 that depicts the water-cut (WCT) 
and a graph 54 that depicts the oil rate from the well. Described below are snapshots of well 
behavior when the water-cut is 0 percent, 30 percent, and 60 percent. This corresponds to 
elapsed times of 0, 300, and 900 days, respectively. 

Fig. 5 depicts the liquid influx profile of the well at these snapshots. More specifically. 
Fig. 5 depicts a graph 56 of a water-cut of zero, a graph 58 showing the fluid influx for a 30 
percent water-cut, and graph 60 depicts the fluid influx for a 60 percent water-cut. It is noted 
that the influx profile is heavily skewed toward the heel of the well, with over half of the 
production coming through die heel and less than half through the middle and end intervals. 
This is because of the additional dmwdown imposed on the formation at the heel and the better 
connectivity of the well to the aquifer in this section of the well. The influx profile of the well is 
fairly stable over time, with a gradual rise in the heel and receding of influx elsewhere. 

Fig. 6 depicts a gjcaph 62 of the water influx of the well and a grsph 64 of the oil influx of 
the well. Both of these influxes are shown for a 30 percent water-cut As depicted, most of the 
water is produced through the heel section of the well. Again, the preferred connectivity to the 
aquif^ is the cause of this behavior. 

Fig. 7 dq)icts a sn^shot of water saturation when die well produces at a 30 percent 
water-cut The skewed mcroachment is &irly evident 

More particularly. Fig. 8 depicts a graph that shows the total production rate and water- 
cut As depicted in Fig. 8, this total fluid rate changes abruptly. However, the water-cut. 
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depicted by the graph 66, is relatively insensitive to the rate variations. 

Fig. 9 depicts graphs 70, 72, and 74 that show pressure profiles of the well at a 0 percent, 
30 peicaat, and 60 perceat water-cut, respectively. The toe-to-heel pressure drop is about 55 
pounds per square inch (psi), most of which occurs m the final section of the casing (i.e., 
approximately the last 500 feet of the casing). This is because the flow velocity mcreases along 
the path of flow due to the distributed nature of inflow (sort of an "avalanche" effect). The final 
fluid velocity in this example is about 3.3 feet per second Greater pressure drops may be 
observed in'high-velocity flows (flows produced in smaller internal diameter and/or gas influx, 
for example). 

The shift of the pressure profile with time reflects the reduction of fluid mobility and the 
formation due to the onset of a two-phase flow (i.e., a relatively permeability effect). This shift 
is a relatively uniform drop of about 25 psi j&om the initial production to when the water-cut 
reaches 30 percent Due to the shift in the pressure profile, a greater drawdown is required to 
maintain a constant well rate. Therefore, the pressure profile is sensitive to phase mobiUty in the 
formation. 

A distinguishing feature of the pressure profile is the break (Le., the slope change) that 
occurs across the intervals of fluid influx. This suggests that the zones of fluid influx may be 
identified with multipoint pressiu^e measurements. Fig, 10 depicts graphs 76, 78, and 80 
dq>icting the pressure gradient along the wellbore for water-cuts of 0 percent, 30 pmeat, and 60 
percent, respectively. Fig. 10 depicts the slope of the pressure profile over the length of the well. 
As seen, the three influx intervals exhibit step changes in slope. 

Fig. 1 1 depicts graphs 82, 84, and 86 of the pressure gradient along tiie wellbore for 
water-cuts of 0 percent, 30 percent, and 60 percent, respectively. Fig. 11 is a plot of the pressure 
gradient corresponding to a Uner completion, where influx is not limited to particular intervals. 
The conq>aratively monotonous rise m slope reflects the more distributed nature of the inflow. 
The wellbore pressure drop is of the order of 80 psi, greater than the selective completion case, 
as expected due to the earlier influx of fluid into the wellbore. Variations m intensity of mflux. 
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however, can be detected fiom fluctuations of the slope. This reflects the heterogeneous nature 
of the formation. The change of this profile with inaieasing water-cut is reflective of the 
mobility effect mentioned previously. 

Fig. 12 depicts graphs 88, 90, and 92 of the fluid influx for water-cuts of 0 percent 30 
percent, and 60 percent, respectively. Fig. 12 shows the influx profiles for the base case of a 
selective sandface completion, but for a formation saturated with viscous oil (an oil having a 
viscosity of 10 cp, for example). A greater change in influx profile with time (compared to a 1 q> 
case, for example) is observed and may be attributed to the greater variation of drawdown in the 
formation as encroachment progresses with corresponding adjustment of wellbore influx profile 
to sustain a constant production rate. Therefore, a higher contrast in mobility between the phases 
leads to greater change in fluid influx with time. 

Various other parameters affect the pressure. For example, Fig. 13 depicts graphs 94, 96, 
and 98 of a pressure for water-cuts of 0 percent, 30 percent, and 60 percent, respectively, for the 
case where special undulations on the pressure profile are present. This indicates that for 
interpretation purposes a good description of the well trajectory may be required in some 
embodiments of the invention, such that pressure variations due to the horizon are not attributed 
to influx. 

Fig. 14 dq>icts graphs 101, 102, and 104, respectively, depicting a pressure for different 
firee gas rates of 9400 MscfiO, 5200 MscfiD, and 1700 MscfiD, respectively. Thus, Fig. 14 
depicts pressure profiles when gas is permitted to break into the well. A laige increase in the 
total pressure drop in the wellbore is noted. Also, it is observed that, despite the heterogeneity of 
the formation, the gas entry is heavily skewed towards the heel, as depicted in Fig. 1 5. This is 
e}q>lamed by the greater mobility of the gas phase in the formation and flie greater sensitivity to 
wellbore fiictional losses. Fig. IS depicts graphs 106, 108, and 1 10 that show the fiiee gas influx 
for total fi^e gas rates of 9400 Msc£T>, 5200 MscfD, and 1700 Msc£T>, respectively. 

Fig. 16.depicts graphs 1 12 and 1 14 of the true influx and mversion result, respectively for 
the liner conipletion when the well is producing under single-phase flow conditions. As shown. 
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the inversion result graph 1 14 closely follows the true influx graph 1 12. 

Fig. 17 depicts graphs 1 16 and 1 18 of the true influx and inversion results, respectively, 
for the case where tfie hydraulic roughness of the casing is in error by a &ctor of 1 0 (hence, the 
friction coefficient is in error). However, even with this error, as depicted in Fig. 17, the 
inversion results are still quite reasonable. 

Figs. 18 and 19 depict, respectively, the impact of a uniform and random measurement 
error on the quality of inversion. More specifically, Fig. 18 depicts a graph 120 showing the true 
influx and a graph 122 depicting the inversion result for the case of uniform measurement error. 
Fig. 19 depicts graphs 124 and 126 showing a true inQux and the inversion result, respectively, 
for random measurement error. The key observation here is that the quality of the mversion 
depends on the accuracy of pressure measurement from one node to the other, i.e., relative 
accuracy, in some embodiments of the invention. For purposes of improving the quality of the 
inversion, the measurement error may be minimized by the calibration of pressure reading with 
respect to the well trajectory during production downtime. 

Figs. 20 and 21 depict the results of inversion for the selective completion scenario under 
two-phase flow conditions. More specifically, Fig. 20 depicts graphs 128 and 130 showing the 
true influx and the inverted influx, respectively, for the selected completion scenario and Fig. 21 
depicts graphs 132 and 134 depicting a water influx and oil influx obtained from the inversion. 
As depicted, a very good match of total fluid influx profile is obtained, as well as a reasonable 
match of oil and water influx. The quality of the phase influx estimation, however, may 
deteriorate with reduced contrast between the pressure volume tenq)erature (PVT) properties of 
the two phases. 

As a more specific exanq>le of the temperature analysis, the temperature analysis, in 
some embodiments of the invention, assesses the magnitude of the cooling that results fiom gas 
entry and expansion in horizontal wells, to develop a basis for discrimination of gas-rich and 
Uquid-laden streams that form the total fluid influx. An approximate relationship betwem the in- 
situ gas-liquid ratio and the observed cooling is sought to contribute to the problem of resolving 
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the inflow profile of horizontal wells. 

In the following scenario, a simple model of a gas-cap drive reservoir is used, where the 
withdrawal rate induces cusps into the welL The basic parameters used in this example are 
summarized in the following table: 



B£S£RVOIR-WELLBORE PARAMETERS 

Low shrinkage oil High shrinkage ott 

Model dimensions* feet x feet x 4000x3000x220 4000x3000)<220 
feet 



Grids (unifonn) 


40 x 30x11 


40 x 30x11 


Peniieability K (isotropic), md 


100 


100 


Porosity^ 


ai5 


0.15 


Water Saturatum Swe 


0^0 


OJZO 


Sohitioii Gas-Oil Ratio R,, 
M8C0STB 


0^ 


1.2 


Pressure Pb (base case), psi 


2303 


3000 


Pressure- biftial Pi (at GOQ. psi 


2303 


3000 


Relative Temperatine (at 
OOC).»F 


160 


160 


Rock thermal oondndivity, 
Bto/foot/D/^F 


24 


24 


Rock heat capacity, Btu/fool?/"F 


35 


35 


Well thermal xesistance* 
(Btu/foot^h^^'F)'' 


0.114 


0.114 


WcU pboemeiit Qied to toe) 


aUl,8)to 
(29,21.8) 


(11,21.8) to 
(29;21,8) 


Well standoff (to GOC), feet 


20 


100 


Well lengdi, feet 


1900 


1900 


Well Inner Diameter, feet 


03 


03 


Well roaghness, feet 


.006 


. .006 


Inflow intervals (x-grids) 


(16-18), (22-23) 
and (27-28) 


(16-18). (22-23) 
andCS7-28) 



Table 2 



It has been detenzuned that an important feature here is the PVT prop^es of the crude. 
Two black-oils of contrasting volatility (low-shrinkage and high-shrinkage) are dqpicted for this 
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purpose. Their properties are depicted in Table 2 above. 

Fig. 22 depicts the dqiendency of the wellbore ten^erature facing the inflow interval to 
the in-sita gas/oil ratio at that interval. This is shown in Fig. 22 for several snapshots during the 
life of the well. More specifically. Fig. 22 dqpicts gjcaphs 136, 138, and 140 showing the 
temperature at 105, 380, and 730 days, respectively. To isolate this relationship, tiie results were 
generated for the case of a selective completion with only one interval open to flow. As dqpicted 
in Fig. 22, the cooling increases with an increasing gas/oil ratio and also increases with time, as 
there is continued cusping of the cooler gas fiom the gas-c^ diuing the course of production. 

Fig. 23 depicts the wellbore tenq)erature profile in a selective completion with three 
inflow intervals, at three time slices. More specifically, Fig. 23 shows three graphs 142, 146, and 
148 that each depict a temperature profile over the segments at a different time. This example 
relates to a low-shrinkage crude and thus, minimal wellbore cooling is observed (cooling less 
than 1 *'F, for example). 

Fig, 24 depicts wellbore temperature cooling behavior for a gas-cap drive model having 
high-shrinkage crude. More particularly. Fig. 24 depicts graphs 150, 152, 154, and 156 that 
show the temperature for GOR's of 1.4, 5.7, 12.1, and 16.6 Mscfi^STB, respectively. As depicted 
in Fig. 24, wellbore cooling of up to 2 ®F is observed. 

In some embodiments of the invention, the inflow profile of a horizontal well may be 
diagnosed with in-situ sensors. Intervals of fluid influx may be identified based on variation of 
pressure gradient in the wellbore. As such, intervals ofno influx can also be identified 
Discrimination of liquid and gas-rich inflow is, in principle, possible based on the degree of 
cooling observed in the wellbore as measured by distributed tenqierature sensing systems. From 
compositional modelling, cooling of up to 2 ^F may be observed in the well, commensurate with 
the producing gas/oil ratio. A constant wellbore temperature profile, consistent with well 
trajectory and native geothennal gradient, therefore, is indicative of pure liquid influx. 
Discrimination of oil and water mfiux, however, is dependent on the contrast between die PVT 
properties of the phases, notably density. 



16 



wo 2004/076815 



PCT/GB2004/000760 



Referring to Fig. 25, in some embodiments of the invention, the determination of the 
inflow profile may be performed by program instmctions 206 that are stored in a memory 204 of 
the computer 200. More specifically, the computer 200 may include a processor 210 (a 
microprocessor, for exanqple) that executes the program 206 for purposes of producing an inflow 
profile fix)m pressure, temperature, and flow rate measurements. As discussed above, the 
generation of the inflow profile may be aided by initial "guesses" of the inflow profile input into 
the computer 200 by the user. Pursuant to the techniques described above, the instructions 206 
determine an inflow profile in response to pressm-e measurements fix)m the well and indicate 
content of the inflow profile in response to temperature measurements from the well. 

Other embodiments are within the scope of the following claims. For example, in some 
embodiments of the invention, the model may take into account geomechanical effects for 
unconsolidated or stress-sensitive formations. Other variations are also possible. 

While the present invention has been described with respect to a limited number of 
embodiments, those skilled in the art, having the benefit of ttds disclosure, will appreciate 
numerous modifications and variations therefix)m. It is iotended that the appended claims cover 
all such modifications and variations as fall within their scope. 
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CLAIMS 

What is claimed is: 

1 . A method for estimating the inflow profile of a well, comprising: 
generating a well and formation model; 

producing the wjell so that hydrocaifoons flow fiom the formation and throi^ the well; 

measuring pressure at a plurality of points along at least a portion of the well without 
performing an intervention in the well; and 

estimating an inflow profile along the portion of the well by use of the plurality of 
pressure measurements. 

2. The method of claim 1, wherein the generating comprises obtaining information 
associated with the well and formation. 

3. The method of claim 2, wherein the generating conoqprises logging the well. 

4. The method of claim 2, wherein the logging comprises logging the well while 
drilling the well. 

5. The method of claim 1 , wherein the estimating comprises ixq>utting the plurality 
of pressure measurements into the model and solving tbe model for the inflow profile. 

6. The method of claim I, fiulfaer comprising using tenq)erature measurements to 
determine the inflow profile. 
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7. The method of claun 6, further comprising determmmg the presence of inflow at a 
location by use of the pressure measurements and determining die contmt of the inflow by use of 
the tempa:ature measur^ents. 

8. A system usable with a subterranean well, conoiprising: . 

a pressure sensor adapted to measure pressure at a plurality of points along at least a 
portion of the well while the well is in production without requiring an intervention in the well; 
and 

a unit coupled to the pressure sensor and including a well formation model, the unit 
adapted to estimate an inflow profile along the portion of the well by using the pressure 
measurements. 

9. The system of claim 8, further comprising: 

a temperature sensor adapted to measure temperature along the portion. 

1 0. The system of claim 9, wherein the unit is further ads^ted to use the ten:Q)erature 
measurements to estimate the inflow profile. 

11. A method usable with a subterranean well, comprising: 
obtaining pressure measurements during flowing of the well; and 

using a model to determine fix>m the pressure measurements an inflow profile of the well. 

12. The method of claim 1 1, wherein the using conq>rises: 

. providing an estimation of die inflow profile to the model; and 
refining the estimation using the pressure measurements. 
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13. The method of claun 12, wherein the refinmg comprises: 

perfomimg aa inveision of a function that intenelates tihe inflow profile to the pressure 
measurements. 

14. The method of claim 1 1, further comprising: 
deploying a sensor into the well; and 

obtaining the pressure measur^ents fix>m the sensor. 

1 5. The method of claim 1 4, wherein the deploying comprises: 
deploying an optical fiber into the welL 

16. The method of claim 1 1, further comprising: 
obtaining temperature measurements from the well; and 

fiirflier basing the determination of the inflow profile on the temperature measurements. 

17. The method of claim 16, further comprising: 

det^mining a content of the inflow profile based at least in part on the tenqierature 
measurements. 

18. An article comprising a computer readable storage medium storing instructions to 
cause a processor-based system to: 

use a model to detennine an inflow profile of a well in response to pressure 
measurements obtained firom the well. 
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1 9* The article of claim 1 8, die storage medium storing instructions to cause the 
pnx^essor-based system to: 

provide an estimation of the inflow profile to the model; and 
refine the estimation using the pressure measurements. 

20. The article of claim 19, the storage medium storing instructions to cause the 
processor-based system to: 

p^orm an inversion of a function fliat interrelates the inflow profile to the pressure 
measurements. 

2 1 . The article of claim 18, the storage medium storing instructions to cause the 
processor-based system to: 

receive temperature measiurements fix)m the well; and 

fiirther base the determination of the inflow profile on the temperature measurements. 

22. The article of claim 2 1 , the storage medium storing instructions to cause the 
processor-based system to: 

determine a content of the inflow profile based at least in part on the temperature 
measurements. 
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